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SUMMARY

Four methods of boundary-layer control were tried during an
Investigation to improve the flow 1ln the Impeller passages of a
¥-1710-93 engine~stage supercharger., The boundary layer along
the impeller front shroud was removed by suction. In one method
the removal was accomplished by recirculation of the air to the
impeller inlet; in another method, by extermal removal, In the
other methods, slots were cut through the impeller-blade feaoces
Tirst at 30 percent end then at 30 and 7O percent of the mean-
flow-path length measured from leading edges of the rotating inlet
guide vanes to introduce alr from the high-pressure side of the
blades into the reglion where stagnation and separation were
suspected.

A slight improvement in performance was obtained when the
boundary layer was removed through the lmpeller front shroud. In
general, this improvement became more pronounced as the emount of
alr removed wes Iincreased even though the excessive lmpeller
frontal clearsnce maintained for these tests, together with an
exaggerated negative pressure gradlient, apparertly induced flow
separation on the diffuser front and rear walls as well es on the
Impeller front shroud,  The use of slotes in the l1mpellers at the
locations selscted had a detrimentel effect on the supercharger
porformance characteristics,
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INTRODUCTION

Studies of the air flow through the V-1710-93 englne-stage
supercharger (reference 1) have indicated that the impeller passases
flow only pertly full, owing to flow separations along the impellex
front shroud end within the impeller channels, Inasmuch as flow
geparation can be avolded by elther properly removing or energlzing
the boundary layers in the regions of high adverse pressure gradients
(references 2 and 3), an investigation was made on the engine-stage
supercharger impeller to determine the effects of exercleling simple
houndary-layer controls on the lmpeller front shroud and along the
impeller bledes. Because no dsta for estimating the megnitude and
oextent of the sdverse pressure gradlents in an impeller have yot
been acquired, the location of the devices for disturbing the boundary-
layer £low had to be based on a purely qualitative study of the flow
in Impesllex channels. The methods used for the boundary-layer con-
trol had to be restricted to thoss requiring only small altergtions
to the supercharger assembly. .

In the first part of thiz investigation, provision was made for
removal of the houndary layer by suctlion aver the region of greatost
ocurvature on the impeller front shroud. The alr bled through the
inmpellex front shroud could be removed either by external low-
pressure exhausters or by recirculation of the air to the inlet duct
immediately before the rotating inlet gulde venes. A standard
V-1710~93 engine-stage lmpeller was used in these runs but the struo-
tural featurea of the bleéding apparatus necessltated the replacement
of the vaned diffuser by a vancloss diffuser.

The second part of thils investigat’on was concerned with ener-
glzing the boundary layer at selected points along the blede chord.
Slots were provided at the downstream edge of the rotating gulde
vanes to let air fram the high-»ressure side of the impeller esoti-
vate and disperse the boundary layer on the low pressure side, where
gavere adverse pressure gradlents are undoubtedly present., After
the effect of these slote had been experimentally determined., addi-
tional slots were provided at a station that was approximately
30 percent of the mean-flow-path length from tho blade tips. This
location was selected because 1% wes balleved that the unloading
of the Impeller blades begina in thia neighborhood and because
structural considsrations did not permit the slotting of the blades
gt a statlion closer to the blade tips.

These investigations were mede in m veriable-component super-
charger rig., Over-all adlabatio efficliencies, pressure cocefficlents,
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and pressure ratios ware obtained together with individual componsnt
efficiencies end total-pressure profiles at the impeller discharge.
These characteristlios are compared with the corresponding charsoter-
istices of the standard supercharger.

MODIFICATIONS
Impeller Front Shroud

A standerd impeller assembly was used for the investigation of
the effect of removing the boundary layer from the impeller fronb

shroud and, for structural reasons, the standard 14%—inoh-d.iameter

vaned diffuser was replaced by a constant-arsa vaneless dlffuser of
the seme dlameter. The diffusexr 1s described in reference 1. A
circular inlet to the impeller replaced the etandard elliptiocal
inlst, A perforated drase strip, 0.0l5 inch thick, wlth an open
area of 30 percent and 952 perforatioms per square inch formed the
part of the shroud through which the alr was removed by suction
(fig. 1). This sieve extended from a polnt approximately 0.50 inch
inside the statlonary shroud of the rotating inlet gulde vanes to

a polnt 0,90 _1nch before, the Impeller digcharge and followed as
closely as posslible the contour of the impeller bledes, The sieve
wes held In position by soldering 1t to two steel rings, one at

the inner diemeter and one at the outer diameter, which in turn
wore bolted to the fromt diffuser cover plate, The entire assembly
was polished to a amooth finish and the contour of the impeller
front shroud was simllar to that of the part before modification.
The clearance between the lmpeller and the lmpeller front shroud
was inoreased from the standard 0.030 inch to 0.060 inch.

A recess was mechined 1n the Impeller front shroud to form
a chamber benaath the brass sieve. .This chamber led to an annular
area surrounding the Impeller inlet but separated from It, The
annular area In turn was commected Lo either of two symmetrical
manifolds, depending on whether the boundary layer was to be
removed by external low-pressure exhaust or by recirculstion.
Figurs 1(a) shows the arrangement used for external bleeding and
figure 1(b), ths arrangement for recirculation.

The menifold used in conjunction with extermal bleeding had
two 2-inch-diameter outlets 180° apart. Both of these outlets led
into a 3-inch-diameter pipe, which was connected to the laboratory
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low-presevre exhaust system; the wolight flow bled was limited by the
minimm available exhaust pressure of 4 inches of mercury absolute,
One prohlem encountered in the extermnal-bleeding apparatus was that
of equalizing the pressure dlstribution over the entlre sieve. The
presaure tended to.be reduced over ‘the areas near the two exhaust
outlets. An ellipticel gaskel was inserted, which closed off most
of the passege near the exhaust outlets and gradually copened the
passage to full design width at the greatest distance from them,
(See fig. 1(a).) Although the pressure dilstribution was equallzed
to a large extent, the gasket probably reduced the maximm flow bled
through the shroud.

In order for boundery-laysr-romoval apparatus to be of prac-
tical value, a more simple exhaust ingtellation must be provided.
The external-~bleeding duct was therefore replaced by a recirculatory
system snd a manifold that returned the air drawn through the aleve
to the impeller inlet through & small gap in the wall separating the
manifold from the inlet pilpe (fig. 1(%)). The recirculating flow
was Induced by the éxpected rlsing pressure gradient along the impel-~
ler front shroud, which established over the boundary-layer-removal
sleve a presgsure greater than that exlsting in the inlet pipe for
most of the operating range. This aystem had the dlisadvantage that
no simple means of controlling or measuring the alr bled could be
readlly provided.

Impeller

All impeller modifications were applled to a V-1710-83 engine-
stage impeller, This lmpeller has 15 bladee and a dlameter of
9f inches. The sharp bend in the chammel at the downstream edge of
the rotating inlet gulds vanes, which is at approximately 30 percent
of the assumed mean-flow-path length, from the leading edge of the
rotating inlet guide vanss, was one of the most probable reglons of
flow separation. FProperly deslgned slots should reduce this separa-
tion by supplylng hligh-energy air from tho high-pressure alde of the
impeller channel to the low-pressure slde where separation was
auapected. This method has been employed on various slotted elr-
foils (reference 3), A photograph of the impeller slotted at approx-
Imately 30 percent of the mean-flow-path length, which was the first
impeller modification investigated (modifiocastion A), is mresonted in
figure 2. EFEdge 1l of the rotating inlet guide vanes was rounded on
the high-pressure side to an arbitrary profile. Xdge 4 of the
Impeller bledes was shaped to the same profile on the low-pressure
glde. When the modified impeller was assembled with the modified
rotating inlet guide vanes, the desired slot was formed.



KACA FM No. E6L19 5

If separation occurs in the impeller passages, the effectlive
area of the discharge flow will be less than the full srea at the
impeller discharge. In order to ensrgize the boundary layer and
thus inocrease the effective discharge area, a second set of slots
(modification B) was provided in the impeller blades in the region
wherse blads umloading was bellieved to teke place. Thsse slots were
cut as close to the ouber dlameter of the impeller as stress com--
siderations would permit. (See fig, 3.) Theso considerations
located the slots at spproximately TO percent of the mean-flow-path
length., The slots through the impeller blades had a 0.10-iInch
throat width and were designed to direct the enmergizing alr at an
angle of 30° to the blade walls, The cuts extended through the
blade fillets %o the bottom of the impeller channels and the llnes
generating the cylindrical surfaces of the ocuts were perpendicular
to the assumed mean flow path, PBdge 5 (fig. 3} was roundsd and
edge 6 wvas sharp., PRdge T hed a 0.02-inch radius and edge 8 was
contoured Intc the blade wall, All machlne work was polished to
a smooth finigh. '

APPARATUS AND METHODS
Instrumentation

Each modificetion was invegtigated In a variable-component
supercharger rig 1ln accordance with the recomendations of refer-
ence 4, Extensive internal instrumentation was installed in order
to evaluate the performance of the separate components, For the
serles of runs with the boundary-layer removal by suction on the
front shroud, the setup wes the same as that in reference 1, bub
additional Instrumentetion was installed in the boundary-layer-
removal system. The statlc pressure in the chember beneath the
gleve through which the boundary layer was removed was measured
by two statlic-pressure taps at opposilte sldes of the chember S0°
fram the manifold outlets. A submerged flgt-plate orifice wes
instaelled in the 3-inch-diameter pipe to meter the emount of air
bled., The orifice installation was made according to A.S.M.E,
standards (reference 5). Air temperatures at the orifice were
measured by two thermocouples installed 3 diameters shead of the
orifice, A gate valve was provided in the orifice lins to regu-
late the flow of the sir bled. The temperature of the alr removed
by external bleeding was measured by calibrated iron-constentan
thermocouples, one in each of the two manifold outlets approxi-
mately 2 inches from the chamber exit, These thermocouples estab-
lished the fact that the heat loss between the chamber exit and
the alr-measuring orifice wes negligible,
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In the investigaetion of the modified impellers with a standard
elght-vaned diffuser, the sotup and intermal instrumentation were
the seme as those of reference 6. In the present investigatlon,
however, the yaw tube lmmediately after the impseller discharge men-
tioned in the references was replaced by a one-hole total-pressure-
swrvey tube, No attempt was made to measure the angle of flow at
the Impeller discharge.

Methods

With boundsry-layer removal by external low-pressure exhauat,
the supercharger was run st constant valuss of welght flow at the
inlet orifice for a range of weight flowe of the alr bled from zerc
to maximum, The welght flows of the alr blad are expressed as per-
centages of the Inlet weight flow. The maximum weight of sir bled
was 13.7 percent of the inlet welght flow (0.255 1b/sec) at an
actual tip epeed of 1000 feet por second, As the tip speed Increased,
the amount of air that could be bled became a smallsr pasrcentage of
the total flow until at an actual tip speed of 1200 feet per second,
9.6 percent of the inlet weight flow (0.250 l‘b/sec) was the maximum
obtainable. Thils reduction 1in percentage of weight flow bled was
due to the rapid increase In inlet welght flow with tip speed as
compered with relatively constant peak weight flows Dled, which were
limited by the capacity of the blseding system.

Runs were made at five inlet egquivalent volume flows at an
actual tip apeed of 1000 feet per second and at nins inlet equiv-
alent volume flows at 1200 feet per second. Rune were alsoc made at
actual tip speeds of 800 and 1300 feet per seocond but because the
trends were repeated at actual tip speeds of 1000 and 1200 feet per
seoond, which bracket the design operating apeed, only the perform-
ance at 1000 and 1200 feet per second 1s presented,

When the boundary-layer control was effected by recircunlation
to the inlet pipe, no provision was made for metering the amount of
alr recirculated, Consequently, the runs were mede at actual %ip
speeda of 800, 1000, 1200, and 1300 feet per second in the manner
recommended in reference 7. Because the trends at 800 end 1300 feet
per second. were repeated at 1000 and 1200 feet per second, only the
performance at 1000 and 1200 feet per second is preasented.

The flow characteristics on the imweller front shroud and thae
front end rear diffuser walls for both external and recirculatory
bleeding systems were visually studied by means of lampblack pat-
terna at ones flow condition. The flow condition selected for thia
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study corresponded to the point of peak over-all adlabatic effi-~
clency at an actual tlp speed of 1200 feet per second. For the pat-
tern witk external boundary-layer removal, 12 percent of the inlet
woight flow was removed through the bleedling system,

Impellsr modiflcatlions A and B wore Investigated with a stand-
ard vaned diffuser at actual tip aepeeds of 800, 1000, 1200, and
1300 feet per secaond, according to standard supercharger performance-
testing procedure (reference 7). Equivalent tip speeds corre-
gponding ta the actual tip speeds used throughout the present and
reference investigations are given in the following table:

Actusl Equivalent tip speed, ft/sec

tip Modl-|Modi-|Stend-| Modifiled Stand-
speed flcae-|fica-|ard f_ront shroud jard

(ft/eec) {tion |tion |impel-[giter-IRecir-|impel-
A B |ler; lnal  {oula- |17,
vansd |pieed- tory |Vane-
aif- ling bleed-| 1088
fuser iIlE aif-
(a) fuser
(b)
800 776 | TT9 TIT | TT4 T76 (c)
1000 g72 963 g72 g72 966 (c)
1200 1162 |1155 1157 11lle4 1157 1169
1300 1252 |124T7 1263 |l261 1249 (c)

8&pgta from reference 6.
te from reference 1.
CPata not used.

Static pressures at the Inlet measuring station were main-
talned at 2210.2 inches of mercury absolute for all runs in order
to approximate pressure conditions in ectual operation of the
subercharger at maximum power at an altitude of 29,000 feet and
to duplicate the Inlet pressure conditions of the runs in refer-
ences 1 and 6. For runs with all modifications, inlet air was
drawn from the room and the temperatures varied from 81° to 108° P.
Altituds and atmospheric exhaust back pressures were used to oper-
ete the unit over the dssired range of pressure ratios.

CATL.CULATTONS

Caleculations and presentatlion of the performance are in
accordance with the recommendations of references 7 and 8 whenever
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applicable. The efficlencles to the Impeller.and the dliffuser exita
are based on an arithmetic average of the total-pressure readings.
The total temperature was sssumed to be constant from the impeller
oexit to the outlet measuring atation 'because the supercharger rig
was well Insulated.,

When the boundary-layor alr was removed by means of an exter-
nal low-pressure exhaust, appreciable percentages of the air
delivered to the Ilmpsller inlet were completely removod before the
impeller exit, Conventlional representations of the Flow based on
Inlet conditlions must therefore be congidered inadequate hecause
they fall to account for the ali removed and the subsequent roduced
flow guentities through most of the supercharger. The performance
of the supercharger l1s theréfore represented for thig serles of
oxperiments by an equivalent volume flow based on the guantity of
air actually delivered by the ller and avallable to the engine.
The function selected is Qp/4/To, which is discussed in refor-
ence 9. The factor Qz wes calculetod from tho weight of ailr

delivered by the impellexr and the total density at the measuring
atation in the outlet pipe; To 18 the total temperature at the
game station. The weight flow delivered by the impeller wasa
cbtalned by subtractihg the weight of alr bled through the impellex
front shroud from the total weight flow at the impeller inlet,

RESULTS AND DISCUSSION
Modified Front Shroud

The over-all and component performance characteristice of the
supercharger with the modified front shroud with both extermal and
reclrculatory methods of bleeding 1s shown in figure 4., The results
wlth the external-hleseding system indicated that the effectivensess
of the unit generally increased slightly as the amount of alr
removed through the impeller front shroud increased. The peek over-
all adlabatlic efficlency at an actual tip spesd of 1000 foet per
second was 0.62 with 12 percent (maximum)of the inlet weight flow
removed by bleeding. At the same speed, the peak effioloncy without
bleeding was 0.53. At an actual tlp speed of 1200 feet per second,
the peak efficiency was 0.595 with 4 percent of the alr bled and
0,58 without bleedins, Peak premsure ratios ranged from 1,75 with
14 percent (maximm) of the inlet weight flow bled to 1l.73 without
bleeding at an actual tip apeed of 1000 feet per second, and from
2.15 with 10 percent (maximum) bled to 2,12 without bleeding at
1200 feet per second.
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Camparsble performance data from reference 1 for the original
vansless diffuser with an unmodified front shroud at an actual tip
speed of 1200 feet per second (not shown in fig. 4) indicate that
the greatest variation in ocharacteristics between the modifiled and
wmodified unltes is in the efficlency at the ilmpeller exlt.
Boundary-lsyer control by suctlon on the impellar front shroud
resulted in an increasse in the efficlency at the impeller exit of
0.02 to 0.06 and a corresponding increase in the over-all perform-
ance of about 0.03 in the range where the over-all adlabatlic effi-
clencies are sbove 0.55. {(See f£ig. 4(c).)

The performance of the unit with the extermal bleedling system
was better than that of the recirculatory system (fig. 4}, which
is partly attributed to the greater welght flows removed through
the shroud. Measured pressure differentials aoross the sleve for
both methods of bleeding indicated that the recirculated welght
flows were conslderably less than those obtainable with the exter-
nal bleeding system even though the pressurs-equalizing gasket
reduced the exhaust area of the external bleeding system.

The effect of the percentage of alr extermally bled on the
over-all adlimbatic efficlency f£or several supercharger operating
conditions is shown in figure 5. For each operating condition,
the inlet welght flow to the supercharger was held at a constant
value and the welight of alr bled was varied. The curves show max-
Imum Increases 1n effilciency on the order of 0.02 as the amount of
bleeding was increased to the maximm obtainable, which demonstrates
the smell effect of the bleeding,

In order to determine the effect of the energy lost I1n the
externally bled boundary-layer air, seversl over-all adlabatic
efflciencles at an actual tip speed of 1200 fest per second were
recalculated., The ensrgy imparted to the alr removed by bleeding
was added to the work performed by the supercharger, The perform-
ance values were unaffected by this calculation beyond tile margin
of experimentgl error for ths range of air bled in these runs; the
supercharger work lost in the alr bled has therefore been neglected,

The total-pressure profiles at the impeller discharge with and
without boundary-layer removal sre compared in figure 8. The
inoresse in pressures from the front wall to the center of the
channel became more abrupt as the tip speed 1ncreased. This condi-
tion waa dus in part to the large frontal clearance between the
inpeller and the shroud (0.060 in.)}, which was nearly twice the
normal running clearance. Increasing the Impeller frontal clear-
ance tends to aggravate backflow along the face of the shroud,
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which could account for steep gradients of the pressure in this
reglon. The increased olearance was established to prevent possible
ocntact between the impeller and the fraglle perforated section of
the shroud. The effect of the perforated shroud aurface and the
large frontal clearance ls shown by the greatly reduced pressure at
the front wall (negative pressure gradient) in the tests with the
modified front shroud without boundary-layer removel as compared
with the pressure obtalned with the front shroud before modlfication.

The presence of backflow was established by a lampblack pattern
made at an equivalent volume flow corresponding to the point of peak
efficlency at 1200 feet per second with the maximum avalilable bloed-
ing. The pattern indicated backflow over the entlre front shroud
surface and over all but the outnslde edge of the front diffuser-wall
surface. BSeparation of the alr stream from the resr diffusor wall
in the direction of impeller rotation was indicatod to a radius of
approximately one-half inch frowm the diffuser discharge, where the
boundary flow reversed from an inwerd spiral to an outward splral.
Lampblack traces simllar in detall to those obislned with the
external bleeding were obitained for the recirculating system, Evi-
dence of separation and backflow was obsorved on the diffuser front
and rear walls, as well as on the impeller front shroud,

Modifled Impellers

The over-all performance of the two impeller modifications 1s
compared in flgure T wlth the over-all performence of the stendard
unit obtained from reference 6. At &ll tip speeds and throughout
the alr-flow range, the performance of the unit with the modified
impellers was below that with the atandard impsller, The deorcase
in effiolency was on the order of 0.0l to 0.03 and the operating
range of the unlt was reduced approximetely 10 percent in the lower
gpeed range. The pressure ratios obtained with the modifled impel-
lers wore as much as 6 percent less than those obtained with the
standard unit, the greatest reduction ococurring with modification B
at the higheat t1lp speed., The pressure ratlc decreases probauly
because the ailr paseing through the blede slots is allowod to dis-
charge with e tangentlal-veloclty component considsrably less than
the impeller tip speed,

The adisbatlc efficiencies to the impeller and diffuser exits
are shown for both modificetions and the standard impeller in
figure 8., These efflclenclies were oonsistently leas for both mod-
ifications than for the standard combingtion., The difference
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between the efficilencles to the Impeller dlacharge of the modifiled
and the standard impellers decreased progressively as the tip speed
was increased. This dscrease In componsnt-efficiency difference
was also evident in the efficiencles at the diffuser exit and in
the outlet pipe although the effect of the modified impellers was
substantially tempered by the ma.sking actlion of the vaned diffuser
and the large collector case,

Total-preasure profiles scroas the diffuser channel at the
impeller discharge are indlcative of the impeller performence
because they represent the useful energy in the air supplied do
the diffuser by the impeller. Because thls energy is In the form
of veloclty, flat symmetricel mrofiles over a wide range of tip
speeds are an indication of low mixing losses in the diffuser,

The impeller-exit total-pressurs profiles cbisined 1ln tests of the
standard lmpeller are compared in figure 9 with those of the mod-
1filed impellers. These data were obtalned at an actual tlp spesd
of 1000 feet per second, which 1s close to the deslgn operating
tip speed of 1040 feet per second. The asymmetrical profiles show
very slight changes in the genersal pattern, whilah indlcates that
the slotted blades had 1little effect on the large variation in -
total pressute across the chammel. The higher pressure ratios of
modification A as compered with modification B are reflected In
the component efficiencise (fig. 8(b)). A direct comparison
between the Individual profile curves at any similar flow condi-
tion 1s imposesible hecauss the equivalent volume flowe at which
the cwrves were obtained varied slighily for each rum.

The negative results cbtained in these tests comstitute no
condemmsation of the slotted-airfoll theory as applied to impeller
bledes. The modifications were somewhat arblitrarily designed on
the basis of Inadeguate dates and the location of the seocnd set of
blade slots at 70 percent of the mean-flow-path length waes deter-
mined primarily by stress, rather than aerodynamic, consideretions.

SUMMARY OF ERESULTS

Four methods of boundary-laysr control were investigated on a
V-1710-93 engine-stage supercharger, The boundary-layer alr was
removed through the impeller front shroud by external suction and
by recirculation to the inlet duct., The lmpeller bladea were
slotted at 30 percent and at 30 and TO percent of the assumed mean-
florw-path length, The front-shroud modifilcations were lnvestigeted

with a 145-1noh-d.1&meter vaneoless diffuser; the impeller
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modifications were investigated with a standard vaned diffuser of
the same diameter. Runs with these four modifications in a variable-
component supercharger rig gave the followlng resulis:

1, Bowmdary-layer control by removing air through ths impeller
front shroud slightly improved the supercharger performance, In
general, when other conditlions were held constant, the adiasbatic
effioclency and the preasure ratio slightly improved as the percent-
age of welght flow bled was increased even though the excessive
impeller frontal clearance maintained for this investigation,
together with an exeggerated negative pressure gradient, apperently
induced flow separation on the Adiffuser front and rear walls as
woll as on the Impeller front shroud.

2, When the boundary-layer air was externally removed by low-
pressure exhaust, the performance of the unit wes improved in
every respect over the useful operating range of the supercharger
as compared with the performance of the unit when the boundary-
layer alr was reocirculated to the inlet.

3. The addition of blade slots at 30 pesrcent and at 30 and
70 porcent of the mean flow path in the impoller resulted in
decreased performence characteristios based on impeller-discharge,
diffuser-discharge, and over-all meassurements,

4., The agymmetrical total-pressure dlstribution at the impel-
ler exit was only very slightly improved by the addlition of slots
in the impeller bledes,
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5. The empirical nature of the slot deslgn together with the
restrictions imposed by the impeller stress considerations per-
mitted no general conclusions to be drawn concerning the merits of
impeller-blade slotting.
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